The raw materials were weighed out in stoichiometric proportions and the mixtures were then fired at 1000°C for 10 h under N 2 atmosphere in an inner alumina crucible that was contained in a covered alumina crucible filled with graphite powder. The products were then obtained by cooling to room temperature in the furnace, ground, and pulverized for further measurements.
Recently, great interest in phosphors has resulted in rapid developments in the promising display and illumination technologies. For general lighting, photoluminescent ͑PL͒ materials including oxides, silicates, aluminates, aluminoborates, aluminosilicates, nitrides, borates, etc., play very important roles for potential applications in UV light-emitting diodes. Among these hosts investigated, borates are good candidates as host structure due to their low synthetic temperature, easy preparation, and high luminescent brightness. The luminescence properties of UV- 11, 12 Recently, the luminescent properties of RE 3+ -doped CaYBO 4 in the UV-vacuum UV spectral region have been reported by Wang and Wang 13 and Yang et al., 14 where RE is Eu 3+ , Tb 3+ , Gd 3+ , or Ce 3+ . To the best of our knowledge, the luminescence properties of rare-earth-ion-activated CaAlBO 4 are not reported yet. The aim of this work is to report our investigation results on the synthesis, PL, and color chromaticity of the new indigo-blue ͑CaAlBO 4 The raw materials were weighed out in stoichiometric proportions and the mixtures were then fired at 1000°C for 10 h under N 2 atmosphere in an inner alumina crucible that was contained in a covered alumina crucible filled with graphite powder. The products were then obtained by cooling to room temperature in the furnace, ground, and pulverized for further measurements.
X-ray diffraction ͑XRD͒ was carried out on a Philips X'pert PRO diffractometer with Cu K␣ ͑1.5418 Å͒ radiation. The PL and PL excitation ͑PLE͒ spectra were measured at room temperature by a Spex Fluorolog-3 spectrophotometer equipped with a 450 W Xe light source. All the spectra were measured with a scan rate of 150 nm min −1 . The CIE chromaticity coordinates were measured by a Laiko DT-101 color analyzer equipped with a charge-coupled device detector ͑Laiko Co., Tokyo, Japan͒. The reflectance spectra of the samples were collected with a Hitachi 3010 double-beam UV-visible ͑UV-vis͒ spectrometer ͑Hitachi Co., Tokyo, Japan͒ equipped with a 60 mm integrating sphere inner face coated with Spectralon ͓poly͑tetrafluoroethylene͔͒, and ␣-Al 2 O 3 was used as a standard in the measurements. The quantum efficiency ͑QE͒ was measured by an integrating sphere whose inner face was coated with Spectralon equipped with a spectrofluorometer ͑Horiba Jobin-Yvon Fluorolog 3-22 Tau-3͒. The device is based upon a Labsphere optical Spectralon integrating sphere ͑diameter of 100 mm͒, which provides a reflectance Ͼ99% over a 400-1500 nm range ͑Ͼ95% within 250-2500 nm͒. The sphere accessories were made from Teflon ͑rod and sample holders͒ or Spectralon ͑baffle͒. The measurement procedures of QE are described as follows. First of all, the empty quartz cell is placed on the light incident route of the sphere, and the optimal excitation light source alone is detected. The integral area of the excitation light is labeled as L e . For the second step, the measurement is the same with step one except the sample is placed inside the sphere but not on the light incident route. The integral area of the excitation light source is labeled as L o , and that of emission region is labeled as E o . The third step is similar to the second, except that the sample is now directly stricken by the excitation light source. The integral area of the excitation light source is labeled as L i , and that of the emission region is labeled as E i .
Results and Discussion
The crystal structure of CaAlBO 4 was first reported by Schafer. , however, are still pure phase, even when the doping content is up to 10 mol %.
In order to further determine the absolute QE of photoconversion for these phosphors, herein we have used the integrated sphere method for the measurements of optical absorbance ͑A͒ and quantum efficiency ͑⌽͒ of phosphor samples. The absorbance and quantum efficiencies of CaAlBO 4 :RE 3+ phosphors can also be calculated by using the following equations 
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where E i ͑͒ is the integrated luminescence of the powder upon direct excitation, and E 0 ͑͒ is the integrated luminescence of the powder excited by indirect illumination from the sphere. The term L e ͑͒ is the integrated excitation profile obtained from the empty integrated sphere ͑without the sample present͒. Figure 4 shows the PL and PLE spectra of ͑Ca 0.999 Ce 0.001 ͒AlBO 4 , in which two excitation humps at 263 and 343 nm were observed in the PLE spectrum. The former is attributed to host absorption that was found to be consistent with the reflectance spectrum of pure CaAlBO 4 ͑Fig. 2͒. By Gaussian fitting, a stronger hump between 300 and 360 nm was observed to correspond to the 4f-5d transition of Ce 3+ . The PL spectrum can be further deconvoluted by assuming a Gaussian-type profile into two emission peaks at 372 and 398 nm, attributed to the transition of 5d to 2 F 5/2 and 2 F 2/7 , respectively. The energy difference between 372 and 398 nm is ϳ1756 cm −1 , which is close to the theoretical value of ϳ2000 cm −1 . 20 The Stokes shift for Ce 3+ in CaAlBO 4 host is ϳ4000 cm −1 , which was found to be located in the range of Stokes shift reported by Blasse Figure 6 shows the PL and PLE spectra of compositionoptimized ͑Ca 0.93 Eu 0.07 ͒AlBO 4 phosphor. The broad-band at ϳ260 nm can be attributed to the charge-transfer transition of O 2− → Eu 3+ , and the sharp lines between 300 and 420 nm were due to the f-f transition of Eu 3+ ions. The PL spectrum exhibited typical line emission assigned to the transition of 5 D 0 to 7 F J ͑J = 1, 2, 3, 4͒. It is well known that the highly intense line at 590 nm is due to magnetic dipole 5 D 0 → 7 F 1 transition and the strong line at 621 nm is associated with the electric dipole transition. In this study, the dominant emission peaks of CaAlBO 4 :Eu 3+ located at 621 nm are due to electric dipole transition, indicating that Eu 3+ ion occupied the site of noninversion symmetry. 22 The emission peak of Eu 3+ at ϳ579 nm originating from the 5 D 0 → 7 F 0 transition is a forbidden transition. The 5 D 0 → 7 F 0 transition is observed when Eu 3+ occupies a lattice site with C v , C nv , or C s symmetry. In this study, a single emission peak at 579 nm indicates that Eu 3+ solely occupied one Ca 2+ cite, and this observation is consistent with site symmetry of Ca 2+ and the crystal structure of CaAlBO 4 . Figure 7 shows the CIE chromaticity diagram with empirically measured CIE coordinates under excitation of 365 nm. The chromaticity coordinates of optimized phosphors, ͑Ca 0.999 Ce 0.001 ͒AlBO 4 , ͑Ca 0.9 Tb 0.1 ͒AlBO 4 , and ͑Ca 0.93 Eu 0.07 ͒AlBO 4 , were found to be ͑0.16, 0.04͒, ͑0.36, 0.50͒, and ͑0.54, 0.31͒, respectively. The diagram shown in Fig. 7 displays indigo-blue, green, and red color under 365 nm excitation, which indicates that CaAlBO 4 :RE 3+ ͑RE = Ce, Tb, Eu͒ are good candidates as indigo-blue, green, and red luminescence materials for application under UV excitation.
Conclusions
In summary, new phosphors of CaAlBO 4 :RE 3+ ͑RE = Ce, Tb, Eu͒ that emit indigo-blue, green, and red lights have been reported and the dominant emission wavelengths were found to be 398, 543, and 620 nm under optimal excitation wavelengths at 343, 351, and 393 nm, respectively. The optimized doping contents of Ce 3+ , Tb 3+ , and Eu 3+ in CaAlBO 4 were determined to be 0.1, 10, and 7 mol %, respectively. The experimental QE data have indicated that these phosphors may be potential candidates for applications in luminescent materials under UV excitation.
